Mutations in DNA repair/cell cycle checkpoint genes can lead to the development of cancer. The cloning of human homologs of yeast DNA repair/cell cycle checkpoint genes should yield candidates for human tumor suppressor genes as well as identifying potential targets for cancer therapy. The Schizosaccharomyces pombe genes rad17, rad1, and hus1 have been identified as playing roles in DNA repair and cell cycle checkpoint control pathways. We have cloned the cDNA for the human homolog of S. pombe rad17, RAD17, which localizes to chromosomal location 5q13 by fluorescence in situ hybridization and radiation hybrid mapping; the cDNA for the human homolog of S. pombe rad1, RAD1, which maps to 5p14 -p13.2; and the cDNA for the human homolog of S. pombe hus1, HUS1, which maps to 7p13-p12. The human gene loci have previously been identified as regions containing tumor suppressor genes. In addition, we report the cloning of the cDNAs for genes related to S. pombe rad17, rad9, rad1, and hus1 from mouse, Caenorhabditis elegans, and Drosophila melanogaster. These include Rad17 and Rad9 from D. melanogaster, hpr-17 and hpr-1 from C. elegans, and RAD1 and HUS1 from mouse. The identification of homologs of the S. pombe rad checkpoint genes from mammals, arthropods, and nematodes indicates that this cell cycle checkpoint pathway is conserved throughout eukaryotes.
INTRODUCTION
The progression of a eukaryotic cell through the stages of the cell cycle can be arrested if the events of the previous stage of the cell cycle, such as DNA replication, have not been completed or if the DNA has sustained some type of damage. The controls on cell cycle progression are termed checkpoints (Hartwell and Weinert, 1989) , and they are able to detect whether the processes of the individual stages of the cell cycle have been completed and whether the DNA is intact or in need of repair. Cells that are mutated in one of the cell cycle checkpoint genes, however, are able to proceed from one stage of the cell cycle to the next even if the cellular processes of that stage are incomplete or in the presence of DNA damage. The G2 phase of the cell cycle lies between S phase, in which DNA replication takes place, and M phase, when mitosis occurs. Thus the G2 checkpoint is critical for ensuring that mitosis does not occur until the necessary steps of DNA replication, DNA repair, and chromosome duplication are complete.
Many checkpoint-deficient mutants have been identified in the budding yeast Saccharomyces cerevisiae and in the fission yeast Schizosaccharomyces pombe. Genes that link mitosis to the completion of DNA replication have been isolated (Enoch and Nurse, 1990; Enoch et al., 1992; McFarlane et al., 1997) . In addition, many genes that function in DNA repair have been identified as G2 checkpoint control genes (Nasim and Smith, 1975; Al-Khodairy and Carr, 1992; Al-Khodairy et al., 1994) , including S. cerevisiae RAD9 (Weinert and Hartwell, 1990) , S. cerevisiae MEC3 (Weinert et al., 1994) , S. pombe rad1 , S. pombe rad3 (Jimenez et al., 1992; Bentley et al., 1996) , S. pombe rad9 (Murray et al., 1991) , S. pombe rad17 (Griffiths et al., 1995) , S. pombe hus1 (Kostrub et al., 1997) , and the fungus Ustilago maydis REC1 (Onel et al., 1996) . The S. pombe rhp9 gene is a homolog of S. cerevisiae RAD9 (Willson et al., 1997) . Recent studies have begun to indicate what the in vivo role of the S. cerevisiae checkpoint genes may be (Lydall and Weinert, 1995) . The Rad24, Rad17, and Mec3 proteins appear to activate an exonuclease activity in vivo while the Rad9 protein appears to modulate exonuclease activity. A number of reviews summarize this work (Sheldrick and Carr, 1993; Lydall and Weinert, 1996; Stewart and Enoch, 1996; Carr, 1997) .
The gene for S. pombe rad17 has been described (Griffiths, 1995) , as has the gene for its homolog in S. cerevisiae, RAD24 (Lydall and Weinert, 1997) . Cloning of S. pombe rad17 revealed that it has an ATP binding site and has extensive homology over its entire length to the DNA polymerase accessory proteins known as clamp loaders (Griffiths et al., 1995) . Clamp loaders (for instance human RFC, Escherichia coli ␥ complex) couple hydrolysis of ATP to positioning a protein ring around duplex DNA. The protein ring tethers the replicase to DNA for high processivity in chromosomal replication (Kelman and O'Donnell, 1995) . The homology to clamp loading subunits suggests that S. pombe rad17 may carry out a similar clamp loading or unloading function in the DNA repair pathway. Interestingly, while the S. pombe rad17 gene carries out two roles, DNA repair and cell cycle checkpoint regulation, the two functions are separable. Specific point mutations of rad17 that reduced DNA repair activity but did not affect checkpoint control were generated. The cloning of the gene for S. pombe rad1 has been described in a pair of reports (Sunnerhagen et al., 1990; Long et al., 1994) . The DNA repair and checkpoint functions of rad1 are also separable; mutations that have differential effects on the two activities have been isolated (Kanter-Smoler et al., 1995) . The cloning of its S. cerevisiae homolog, RAD17, has also been described (Siede et al., 1996) . Extensive work has been performed on its homolog in U. maydis, REC1 (Holliday et al., 1976; Holden et al., 1989; Tsukuda et al., 1989 ). An exonuclease activity is associated with the protein (Thelen et al., 1994) , and, again, the gene plays roles in both DNA repair and cell cycle regulation (Onel et al., 1995 (Onel et al., , 1996 . The cloning of S. pombe hus1 was described recently (Kostrub et al., 1997) . Yeast strains disrupted in hus1 are viable, but are checkpoint-defective.
The occurrence of mutations in the checkpoint control genes of higher eukaryotes can lead to cancer (Hartwell, 1992; Hartwell and Kastan, 1994; Kastan, 1991; Kuerbitz et al., 1992) . Genes that, when mutated, allow increased rates of tumor formation are termed tumor suppressors. Many tumor suppressors have cell cycle checkpoint function, and loss-of-function mutations in these genes causes runaway cell proliferation, leading to tumor formation (Collins et al., 1997) . For example, ATM has been identified as the gene that is defective in patients with ataxia telangiectasia. ATM is a human homolog of S. cerevisiae MEC1/ESR1 and S. pombe rad3 (Savitsky et al., 1995; reviewed by Enoch and Norbury, 1995; Lehmann and Carr, 1995; Jackson, 1996) . These proteins have protein kinase activity and are involved in generating a signal to halt progression through the cell cycle in response to DNA damage. Identification of the human homologs of the yeast G2 cell cycle checkpoint genes should yield attractive candidates for novel human tumor suppressor genes. The human genes are likely to play a cell cycle regulatory role in human cells, and previously identified human cell cycle checkpoint genes have been identified as tumor suppressors. A human homolog of S. pombe rad9 was described recently (Lieberman et al., 1996) .
We describe here the cDNA cloning of the human homologs of the S. pombe rad17, rad1, and hus1 genes. We have mapped the chromosomal location of the human genes and find that the map positions of RAD17 and RAD1 correlate with loci for human tumor suppressor genes. In addition, we have cloned cDNAs for some of the homologs of these genes from mouse, Drosophila melanogaster, and Caenorhabditis elegans. Reports of the cloning of human RAD17, RAD1, and HUS1 appeared while this work was in progress (Parker et al., 1998a, b; Kostrub et al., 1998) .
MATERIALS AND METHODS
Isolation of human RAD17. Two sequences were identified in the EST database for human cDNA clones (Accession No. T10666, clone hbc863, and Accession No. AA133547, clone 586844). Clone hbc863 was kindly sent by Graeme Bell, The University of Chicago. Clone 586844 (IMAGE, Integrated Molecular Analysis of Genomes and Their Expression) was obtained from Genome Systems, Inc. Rapid amplification of cDNA ends was carried out using Marathon-Ready cDNA (Clontech, Palo Alto, CA) as a template. Primer R1702 (5Ј-GCGGGATCCCTATGTCCCATCACTCTCGTAGTCTTC-3Ј) annealed to the 3Ј end of the open reading frame and primed synthesis of the antisense strand. Primer AP1 (Clontech) annealed to the Marathon cDNA adaptor product strand at the 5Ј end of the cDNA and primed synthesis of the sense strand. The PCR amplification was performed for 30 cycles of 94°C for 30 s and 68°C for 7 min in a reaction volume of 50 l containing 40 mM Tricine-KOH, pH 9.2 at 25°C, 15 mM KOAc, 3.5 mM Mg(OAc) 2 , 75 g/ml bovine serum albumin, 200 M each dNTP, 10 pmol each primer AP1 and R1702, 0.5 ng Marathon-Ready cDNA template, 1 l Advantage KlenTaq Polymerase Mix (Clontech). Amplified DNA products (15 l) were analyzed by electrophoresis through a 1.0% agarose gel, and a band of DNA 2.6 kb in size was observed. A second PCR amplification was performed under conditions identical to those of the first reaction, with the exception that the template used was 0.5 ng of PCR product of the first reaction, and 10 pmol of primer AP2 (Clontech) was used instead of primer AP1. Amplified DNA products were separated by electrophoresis through a 1.0% low-melting agarose gel, and a gel slice containing the 2.6-kb reaction product was excised from the gel. The 2.6-kb PCR product was cloned using the TOPO TA Cloning vector (Invitrogen, Carlsbad, CA). DNA minipreps (48) were carried out, yielding 27 clones containing the PCR product. Five clones were sequenced, and 3 were found to contain the complete, identical, open reading frame. The gene was designated RAD17, and the cDNA sequence has been deposited with the GenBank database under Accession No. AF076838. Gene-specific primers R1715 (5Ј-ACCTG-TATACCTTTTGAAACGTCACAG-3Ј) and R1702 were used to amplify the human RAD17 cDNA from Marathon-Ready cDNA in a PCR as described above. The 2.6-kb reaction product was purified using the QIAquick PCR purification kit (Qiagen) and sequenced directly. 
Isolation of C. elegans hpr-17.
A sequence specifying a cDNA from C. elegans (Accession No. D75465, clone yk104h11) was identified in the EST database. Clone yk104h11 was kindly sent by Yuji Kohara, National Institute of Genetics, Japan. The DNA sequence was determined, the gene was designated hpr-17 for "homolog of S. pombe rad," and the cDNA sequence has been deposited with the GenBank database under Accession No. AF076840.
Isolation of human RAD1. Two ESTs for human cDNA clones were identified (Accession No. AA227739, clone 667461 and Accession No. AA029300, clone 470124). Both clones (IMAGE) were obtained from Genome Systems, Inc. The gene was designated RAD1, and the two cDNA sequences have been deposited with the GenBank database under Accession Nos. AF076841 and AF090170. Genespecific primers R105 (5Ј-AGGGAATTCCATATGCCCCTTCTGAC-CCAACAGATCCAA-3Ј) and R106 (5Ј-GCGGGATCCTCAAGACTCA-GATTCAGGAACTTCTTC-3Ј) were used to amplify the open reading frames for the two human RAD1 cDNAs from Marathon-Ready cDNA as described above.
Isolation of mouse RAD1. An EST for a mouse cDNA clone was identified (Accession No. AA387463, clone 789687). Clone 789687 (IMAGE) was obtained from Genome Systems, Inc. The gene was designated RAD1, and the cDNA sequence has been deposited with the GenBank database under Accession No. AF076842.
Isolation of C. elegans hpr-1.
An EST specifying a cDNA from C. elegans (Accession No. D76378, clone yk117e8) was identified. Clone yk117e8 was kindly sent by Yuji Kohara, National Institute of Genetics, Japan. The gene was designated hpr-1, and the cDNA sequence has been deposited with the GenBank database under Accession No. AF076843.
Isolation of human HUS1. Two ESTs for human cDNA clones were identified (accession AA280710, clone 711713, and accession R29753, clone F1-1279D). Clone 711713 (IMAGE) was obtained from Genome Systems, Inc. Clone F1-1279D was kindly sent by Sun Shim Choi and Hee-Sup Shin, Pohang Institute of Science & Technology, Korea. The gene was designated HUS1, and the cDNA sequence has been deposited with the GenBank database under Accession No. AF076844. Gene-specific primers H121 (5Ј-AGGGAATTCCATAT-GAAGTTTCGGGCCAAGATCGTGGAC-3Ј) and H122 (5Ј-GCGG-GATCCCTAGGACAGCGCAGGGATGAAATACTG-3Ј) were used to amplify the human HUS1 open reading frame from Marathon-Ready cDNA as described above.
Isolation of mouse HUS1. Two ESTs for mouse cDNA clones were identified (Accession No. AA153060, clone 604141, and Accession No. AA218365, clone 658994). Both clones (IMAGE) were obtained from Genome Systems, Inc. The gene was designated HUS1, and the cDNA sequence has been deposited with the GenBank database under Accession No. AF076845.
Isolation of D. melanogaster Rad9.
A sequence specifying a cDNA from D. melanogaster (Accession No. AA391137, clone LD10092) was identified. Clone LD10092, from the BDGP/HHMI Drosophila EST Project, was obtained from Genome Systems, Inc. The gene was designated Rad9, and the cDNA sequence has been deposited with the GenBank database under Accession No. AF076846.
Mapping of the RAD genes on human chromosomes. Fluorescence in situ hybridization (FISH) was carried out by SeeDNA Biotech, Inc. (Ontario, Canada) (Heng et al., 1992; Heng and Tsui, 1993) . Human RAD17 cDNA (clone 586844, 2.5 kb), RAD1 cDNA (clone 667461, 1.2 kb), or HUS1 cDNA (clone F1-1279D, 1.8 kb) was biotinylated using the BioNick labeling kit (GIBCO BRL) for use as a probe. The probes hybridized to metaphase chromosomes of human lymphocytes with an efficiency of between 67 and 75%.
For radiation hybrid mapping (Cox et al., 1990) of HUS1, RAD1, and RAD17, sequence tagged sites (STSs) were developed from the 3Ј ends of each of the genes. For HUS1, the primers CCTGCGCTGTC-CTAGCACCCT and ATCCAACTGTGTGTTGTTGAATC were used to amplify a 187-bp product (GenBank Accession No. G41778). For Rad1, the primers GTTCCTGAATCTGAGTCTTGAG and CTC-CTATCTTCCCCATTGTGCT were used to generate a 148-bp product (GenBank Accession No. G41777). In the case of RAD17, the primers ACATAGAAGCCAGCCTGCTAAT and AGAAGAGTAGGTTTCTT-GTGATG generated a 161-bp product (GenBank Accession No. G41776). Taq Platinum polymerase (Gibco) and the following PCR conditions were used to amplify the three STSs: 37 cycles of 96°C for 15 s, 60°C for 20 s, and 72°C for 40 s. Under these conditions, the STSs were found to amplify specifically the expected-sized product from human genomic DNA but not hamster genomic DNA. The Genebridge4 somatic hybrid cell panel was used to map the genomic locations of the three genes (Gyapay et al., 1996) .
RESULTS

Isolation and Sequence Comparison of rad17 Homologs
A BLAST search of the GenBank EST database shows a partial human cDNA sequence with a similarity between its translated amino acid sequence and the S. pombe rad17 amino acid sequence. The cDNA clone, EST59509, was acquired from The Institute for Genome Research, and its DNA sequence was determined. However, it was found not to encode a fulllength cDNA molecule. The database of ESTs at the National Institutes of Health was then searched with the translated amino acid sequence of the partial cDNA using the National Center for Biotechnology Information BLAST server and the TBLASTN program (Altschul et al., 1990) . Two ESTs that identified potentially full-length human cDNA clones were found, and the DNA sequences of the two clones were determined. The sequences of the three clones overlapped one another and were assembled into one cDNA sequence containing an open reading frame of about 2000 nucleotides, which appeared long enough to encode a protein of the expected size. However, the cDNA sequence was not complete because no methionine initiator codon was present in the 5Ј portion of the open reading frame.
A full-length cDNA was isolated via the technique of rapid amplification of cDNA ends, and the gene was designated RAD17. Interestingly, the 5Ј untranslated sequence of the cDNA appeared to be extremely unstable in E. coli. Of 27 independently isolated recombinant plasmids carrying the cDNA insert, 24 carried unique deletions near the 5Ј end. This was true even for recombinant plasmids isolated from an E. coli strain containing mutations in several recombination genes (SURE2 cells, Stratagene; recB recJ sbcC umuC::Tn5 uvrC). Plasmids containing the RAD17 open reading frame as an insert but lacking the 5Ј untranslated sequence were stable. To determine the cDNA sequence more directly, the PCR product amplified from cDNA was sequenced. Its sequence confirmed the DNA sequence determined from the cloned cDNA products. Its open reading frame specified a gene product of 670 amino acids, with a predicted molecular weight of 76 kDa.
The cDNAs for rad17 homologs from D. melanogaster and C. elegans were identified using the database of ESTs and the human Rad17p amino acid sequence. The two cDNA clones were acquired and sequenced. The fly Rad17 gene product is 520 amino acids long, with a molecular mass of 57 kDa. The open reading frame of the C. elegans homolog encoded 514 amino acids but appeared to be incomplete, lacking perhaps 5% of the hpr-17 open reading frame at its 5Ј end.
Significant amino acid sequence identity and similarity were observed between the S. pombe Rad17p and the human, D. melanogaster, C. elegans, and budding yeast homologs. An alignment of the five predicted amino acid sequences is shown in Fig. 1 . A region that conforms to the P-loop ATP/GTP binding consensus sequence (Koonin, 1993) was found in the N-terminal region of human RAD17 (residues 126 to 133), as well as in the other four sequences (Griffiths, 1995) . However, the yeast sequence, instead of the highly conserved GKS/T motif, carries the sequence SKS. The human, fly, and worm amino acid sequence at the Walker B motif is EDxx, rather than DExx. The corresponding sequence in the fission yeast gene is TELP.
The gapped BLASTP E values (Altschul et al., 1997) for pairwise alignments between the S. pombe protein and the human, D. melanogaster, and C. elegans proteins are also an indication that the sequences are significantly related (Table 1) . The similarity between the C. elegans and the human sequences is also high; the BLAST E value for the amino acid sequence alignment is 2 ϫ 10 Ϫ29 . Interestingly, however, the sequence similarity between the C. elegans and the S. pombe proteins is not so high (E value ϭ 4 ϫ 10
Ϫ9
). Whether these genes are orthologs of one another is perhaps better addressed by whether they are the most similar proteins in the respective organisms. The genes were originally identified as the ones in the database most similar to the S. pombe genes. The reverse is also true; S. pombe rad17 is the S. pombe gene in the database that is most similar to the other eukaryotic homologs (Table 1) . A caveat to these considerations is that the representation of human, S. pombe, C. elegans, and D. melanogaster amino acid sequences in the databases is not yet complete. It remains possible that proteins with greater sequence similarity will be identified in the future.
Isolation and Sequence Comparison of rad1 Homologs
The database of ESTs at the National Institutes of Health was searched with the amino acid sequence of S. pombe rad1 using TBLASTN. Two potentially fulllength human clones were identified, and the sequences of both clones were determined. Clone 667461 contained a full-length open reading frame, while clone 470124 contained a deletion of 109 nt that disrupted the amino acid coding region. We tested whether the clone carrying the deletion represented a cloning artifact or a bona fide species of human mRNA. Two cDNA preparations, one derived from human fetal brain and one from HeLa cells, were analyzed by PCR for the presence of RAD1 cDNAs. Surprisingly, two amplification products were generated from each cDNA preparation. They were of the expected 870 and 760 bp sizes, in an approximately 60:40 ratio (data not shown). The two cDNA molecules appear to be derived from the same gene, because their nucleotide sequences are identical, including the sequences of both the 5Ј and the 3Ј untranslated regions, and radiation hybrid mapping indicates the presence of just a single gene locus (see below). Therefore we suggest that the two cDNA molecules represent RAD1 mRNA splicing variants of a single gene. The same methionine codon is expected to be utilized for the initiation of protein synthesis from either mRNA, but the sizes of the two predicted protein products are quite different. The predicted protein product of the longer RAD1 open reading frame is 282 amino acids long, with a molecular mass of 32 kDa. The predicted protein product of the open reading frame with the 109-nt deletion consists of the amino-terminal 68 amino acids of the larger protein, with a corresponding molecular mass of only 7.5 kDa. Whether such a protein is produced in vivo has yet to be investigated. The database of ESTs was then searched with the amino acid sequence of human RAD1 using TBLASTN. A full-length mouse clone was identified and sequenced, and it encoded a full-length cDNA. The mouse RAD1 protein sequence is 280 amino acids long, also of molecular mass 32 kDa. The database of ESTs was again searched with the amino acid sequence of human RAD1 using TBLASTN, and a C. elegans clone was identified and sequenced. It also appeared to encode a full-length cDNA. The C.elegans hpr-1 open reading frame is 267 amino acids in length, molecular mass 30 kDa.
Significant amino acid sequence identity and similarity were observed between the S. pombe Rad1p; the human, mouse, and C. elegans homologs; the S. cerevisiae RAD17; and the U. maydis REC1. The E values of the gapped BLASTP program for pairwise alignments between the S. pombe protein and the human, mouse, and C. elegans proteins showed that the sequences were significantly related (Table 1) . Again, S. pombe Rad1p is the S. pombe protein most similar to the human, mouse, and worm homologs. An alignment of the six predicted amino acid sequences is shown in Fig.  2 . The YxGxGxPxxxxxE motif (Siede et al., 1996) was found in human RAD1 (residues 112 to 124), as well as in the other five sequences, with the exception of one amino acid change in the C. elegans sequence.
U. maydis REC1 has an associated exonuclease activity (Thelen et al., 1994) . Although a BLAST search using the REC1 amino acid sequence does not identify other nucleases as having sequence similarity, an alignment between the E. coli polA, dnaQ, and REC1 amino acid sequences indicated which REC1 amino acids might correspond to conserved exonuclease domains I, II, and III (Thelen et al., 1994) . However, the highly conserved DxE motif of exonuclease domain I (Koonin, 1997) is only weakly represented among the Rad1 homologs (human RAD1 amino acids 77-78, REC1 amino acids 147-149; see Fig. 2 ).
FIG. 1.
Multiple alignment of the rad17 homologs. Human, Homo sapiens; Drome, D. melanogaster; Caeel, C. elegans; Pombe, S. pombe (Griffiths et al., 1995) ; Yeast, S. cerevisiae (Lydall and Weinert, 1997) . Protein sequences were aligned by the ClustalW method using the Megalign program (DNASTAR, Inc., WI). Identical amino acids are indicated by black boxes while similar amino acids are shaded gray. Similar amino acids are M, I, L, and V; F, W, and Y; A and G; D and E; N and H; S and T.
Isolation and Sequence Comparison of hus1 Homologs
Two ESTs for the human homologs of S. pombe hus1 were identified in the database using the amino acid sequence of S. pombe hus1 and the gapped TBLASTN program. The two clones were acquired, and their DNA sequences were determined. Neither clone encoded a full-length open reading frame. However, the two clones overlapped each other, having 259 nt in common, thus identifying the full-length cDNA sequence. Nucleotides 1850 -2100 of the 3Ј untranslated region appear to correspond to a member of the Alu repeat family. PCR was used to amplify the full-length open reading frame from cDNA, and the 865 nucleotide-long reaction product was cloned. The sequence of the cloned PCR product confirmed the data derived from the two partial cDNA clones. The human HUS1 open reading frame is 280 amino acids, of 32 kDa molecular mass. (Long et al., 1994) ; Ustma, U. maydis (Onel et al., 1995) ; Yeast, S. cerevisiae (Siede et al., 1996) . Amino acid sequences were aligned by the ClustalW method using Megalign. Amino acids 81 to 145 (indicated by **1**) and 191 to 135 (indicated by **2**) of the U. maydis REC1 sequence and the last 83 amino acids of the yeast amino acid sequence are omitted from the alignment. Identical amino acids are shown in black, and conservative substitutions are shown in gray.
The database of ESTs was searched with the amino acid sequence of human HUS1 using TBLASTN. Two ESTs for a mouse homolog were identified and sequenced. Again, neither clone encoded a full-length open reading frame. However, the two clones overlapped each other, having 108 nt in common, and defined a complete open reading frame. The mouse HUS1 predicted protein sequence is 281 amino acids long, of 32 kDa molecular mass.
Significant amino acid sequence identity and similarity were observed between the S. pombe Hus1p and the human and mouse homologs. The gapped BLASTP E values for pairwise alignments between the S. pombe protein and the human and mouse proteins showed that the sequences were closely related (Table 1) . S. pombe Hus1p is again the S. pombe protein most similar to the human and mouse proteins. An alignment of the three amino acid sequences is shown in Fig. 3 .
Isolation and Sequence Comparison of rad9 Homologs
A human homolog of S. pombe rad9 has been identified, as has a yeast homolog, DDC1 (Lieberman et al., 1996; Longhese et al., 1997) . The database of ESTs was searched with the amino acid sequence of human RAD9 using TBLASTN, and an EST for a D. melanogaster homolog was identified. The cDNA clone was acquired and sequenced and appeared to encode a fulllength cDNA. The fly Rad9 predicted gene product is 456 amino acids long with a molecular mass of 51 kDa.
There is also significant amino acid sequence identity and similarity between the S. pombe Rad9p and the human, fly, and budding yeast homologs. The gapped BLASTP E values for alignments between the S. pombe protein and the human and fly proteins shows a degree of sequence similarity in line with that seen with the other S. pombe rad gene homologs (Table  1) . A multiple alignment among S. pombe rad9 homologs from human, fly, and yeast is shown in Fig. 4 .
Mapping of RAD17, RAD1, and HUS1 on Human Chromosomes
Chromosome mapping of human RAD17, RAD1, and HUS1 was performed by FISH and radiation hybrid mapping analyses. The biotinylated FISH probe of RAD17 hybridized to metaphase chromosomes of human lymphocytes with an efficiency of 73% (among 100 checked mitotic figures, 73 showed signals on one pair of the chromosomes). Based on 10 independent signals, RAD17 is located on human 5q13 (Fig. 5A) . No existing STSs that correspond to RAD17, RAD1, or HUS1 were present in the NCBI database. Therefore, to carry out radiation hybrid mapping we generated STSs for these genes from their 3Ј untranslated regions and have deposited them in GenBank (see Materials and Methods). Using the Genebridge4 somatic hybrid cell panel and an STS in the 3Ј region of RAD17, we found that the gene maps 246.1 cR from the p telomere of human chromosome 5, according to the Whitehead RH map location (MIT). Specifically, RAD17 maps 14 cR telomeric of WI-3133 (alias D5S1872), which is present on the Whitehead WC5.6 physical mapping contig. This corresponds to an LDB chromosome map location of 5q11-q13.
In the case of RAD1, the corresponding FISH probe hybridized to metaphase chromosomes of human lymphocytes with an efficiency of 75%. Based on 10 independent signals, RAD1 is located within human 5p14 -p13.2 (Fig. 5B) . One additional locus was detected on chromosome 10, region q25, at a frequency of 45%. Since this frequency was lower than that on chromosome 5, we infer that RAD1 resides on chromosome 5 while a related sequence, perhaps a pseudogene, maps to 10q25. This hypothesis is supported by radiation hybrid mapping data generated using an STS developed from the 3Ј region of RAD1, which places the gene at 137.3 cR from the p telomere of human chromosome 5. Specifically, RAD1 maps 3.2 cR centromeric of AFM303TH5, which is found on the Whitehead WC5.3 physical mapping contig, and corresponds to an LDB map location of 5p13-p11. (Kostrub et al., 1997) . Alignments were performed by the ClustalW method using Megalign. Identities with the S. pombe amino acid sequence are indicated with black boxes, while similarities are indicated by gray.
Finally, a FISH HUS1 probe hybridized to metaphase chromosomes of human lymphocytes with an efficiency of 67%. Based on 10 independent signals, HUS1 is localized on human 7p13-p12 (Fig. 5C ). Using an STS developed from the 3Ј region of HUS1, the gene was radiation hybrid mapped to 182.5 cR from the p telomere of chromosome 7, 5 cR centromeric of CHLC.GATA24D12 (alias D7S1818), which is present on the Whitehead WC7.3 contig. The corresponding LDB map location is 7p13-p11. Parker et al. (1998b) reported by FISH mapping that human RAD17 localized to chromosome 4, region q13.3-q21.2. To clear up this discrepancy SeeDNA Biotech generously repeated the RAD17 FISH mapping analysis by carrying out simultaneous hybridization of human RAD17 and RAD1 probes to metaphase chromosomes of human lymphocytes. The FISH signals and DAPI banding pattern showed that RAD17 and RAD1 are both present together on chromosome 5 and confirmed that RAD17 maps to chromosome 5p13 (Fig. 6 ).
DISCUSSION
The cloning of rad/checkpoint gene homologs from fungi, nematodes, arthropods, and vertebrates demonstrates that this G2 cell cycle checkpoint is highly conserved among the various evolutionary lineages of eukaryotes. The rad/checkpoint genes of S. cerevisiae, S. pombe, and humans involved in the G2 cell cycle checkpoint are summarized in Table 2 . The six rad checkpoint genes of S. pombe are rad17, rad1, hus1, rad9, rad26 (Al-Khodairy et al., 1994) , and rad3. At this point in time no homologs of S. pombe rad26 have been identified. The human gene ATM was originally identified as the homolog of S. cerevisiae MEC1 and S. pombe rad3. It now seems likely that ATR is the hu- (Lieberman et al., 1996) ; Drome, D. melanogaster; Pombe, S. pombe (Murray et al., 1991) ; Yeast, S. cerevisiae (Longhese et al., 1997) . The alignment was performed by the ClustalW method using Megalign. Black boxes show identities, and gray boxes indicate similarities. man homolog of MEC1 and rad3, while ATM is the homolog of S. cerevisiae TEL1 and another, recently identified, S. pombe gene (Bentley et al., 1996; Cimprich et al., 1996; Carr, 1997; Bentley and Carr, 1997) .
The human rad checkpoint gene complement appears to match more closely the set of genes present in S. pombe, compared to S. cerevisiae. One of the S. cerevisiae checkpoint genes, MEC3, does not appear to have S. pombe or human homologs, while homologs for S. pombe hus1 and rad26 have not yet been identified in S. cerevisiae. Although the checkpoint control systems of S. cerevisiae and S. pombe have several gene homologs in common, they appear to have diverged significantly, perhaps because cell division is different in these organisms; S. cerevisiae cells divide by budding while S. pombe divides by fission. The mitosis and cell division of S. pombe is more similar to that of human cells than the S. cerevisiae process is; unlike S. cerevisiae, S. pombe has a distinct G2 phase of the cell cycle, and in addition the chromosomes undergo con- densation during mitosis (Russell and Nurse, 1986; Carr and Hoekstra, 1995) .
Presence of Candidate Tumor Suppressor Genes at Human Checkpoint Gene Chromosome Loci
A number of human cell cycle regulatory genes have been previously identified as tumor suppressors, and the human homologs of the S. pombe rad checkpoint genes are also potential candidates for a role in tumor suppression. A distinction has been made between two types of cancer-susceptibility genes, termed "gatekeepers" and "caretakers" (Kinzler and Vogelstein, 1997) . Genes that control cell growth directly are gatekeepers, while genes that monitor and maintain the integrity of the genome are caretakers. Inactivation of caretaker genes leads to tumor formation indirectly, by increasing the overall mutation rate and the likelihood of inactivation of a gatekeeper gene. If the RAD checkpoint genes turn out to act as tumor suppressors they will most likely be of the caretaker class of cancersusceptibility genes.
Many studies have previously identified human chromosome 5q13 as the location of an unidentified tumor suppressor gene. Translocations, deletions, and inversions involving 5q13 have been found to be associated with hematologic malignancies (Fairman et al., 1996; Shanske et al., 1996; Gogineni et al., 1996; Morgan et al., 1988) . Rearrangements of band 5q13 are also associated with chondrosarcomas (Ordnal et al., 1993; Tarkkanen et al., 1993) . Losses of 5q13-q21 (Miura et al., 1992) and rearrangement involving 5q13-q31 (Goguel et al., 1995) have been observed in small cell lung cancers. A loss of heterozygosity was found at 5q13.1-q21 in ovarian cancer (Tavassoli et al., 1996) , and translocation involving 5q13 is a candidate for primary chromosome changes in renal cancer (Berger et al., 1986) . RAD17 would appear to be a candidate for the tumor suppressor gene that has been identified in the 5q13 region.
Human chromosome 5p13 has also been identified as the location of an unidentified tumor suppressor gene. Allelic deletion mapping identified a deletion designated del-27 at 5p13-p12 as being associated with small cell lung carcinomas (Wieland et al., 1996) . Tumor-specific loss of heterozygosity was also detected at del-27 in 10 of 38 (26%) bladder cancers (Bohm et al., 1997) . Loss of 5p13 is also associated with colon cancer development (Yeatman et al., 1996) . In addition, deletion of 5p13 was identified as causing developmental defects including microcephaly, hypertonia, micrognathia, and mental retardation (Keppen et al., 1992) . This is reminiscent of the pleiotropic phenotype of ataxia telangiectasia, a multisystem disorder involving ataxia, due to neurodegeneration; telangiectases (patches of dilated blood vessels) in the face, eyes, and ears; and immunodeficiencies. As a result, RAD1 may be a candidate for the tumor suppressor gene that resides at 5p13. Chromosome rearrangements at 7p13, especially translocations, have been noted in non-Hodgkin lymphoma (Jonveaux et al., 1990; Dyer et al., 1993) and acute lymphoblastic leukemia (Uckun et al., 1987 (Uckun et al., , 1989 . In addition, these translocations occur frequently in the lymphocytes of patients with ataxiatelangiectasia, Nijmegen breakage syndrome, or related disorders characterized by heightened rates of chromosome breakage. However, in these cases it is felt that the observed chromosome rearrangements are an effect, not a cause, of the syndromes (Conley et al., 1986; Taalman et al., 1989; Barbi et al., 1991; Green et al., 1995; Renedo et al., 1997) . The chromosome rearrangements occur almost exclusively in lymphocytes, primarily at just four sites: 7p13, 7q34, 14q11, and 14q32. These four regions act as though they contain fragile sites limited to lymphocytes. The fragile sites may be the T-cell receptor ␣, ␤, and ␥ chain and immunoglobulin H genes that map to these sites and undergo recombination during lymphocyte development. Errors in recombination at these loci probably explain the chromosome 7 and 14 rearrangements. Indeed, these rearrangements are not uncommon in normal lymphocytes, occurring with a frequency of 5 ϫ 10 Ϫ4 per metaphase in phytohemagglutinin-stimulated lymphocyte cultures. The consequences of most of these events appear to be benign or of little clinical significance (Dewald et al., 1986; Scheres et al., 1986; . Due to the high background of benign chromosomal rearrangements at 7p13 in lymphocytes, it appears difficult to determine whether potential tumor suppressors for hematologic malignancies lie within this region. However, the region 7p13-p22 has been identified as being rearranged in a number of cases of ovarian cancer (Pejovic, 1995) , and so HUS1 may be a candidate tumor suppressor for ovarian carcinogenesis.
Mapping of the human chromosomal location for these three putative cell cycle regulatory genes confirms their attractiveness as candidate tumor suppressor genes. Future work will be important in determin- ing whether these genes actually do play such a role in humans.
